Overview: Systemic Inflammatory Response Derived From Lung Injury Caused by SARS-CoV-2 Infection Explains Severe Outcomes in COVID-19 by Polidoro, Rafael B. et al.
REVIEW
published: 26 June 2020
doi: 10.3389/fimmu.2020.01626
Frontiers in Immunology | www.frontiersin.org 1 June 2020 | Volume 11 | Article 1626
Edited by:
Haichao Wang,
Feinstein Institute for Medical
Research, United States
Reviewed by:
Antonio Artigas,
Corporació Sanitària Parc Taulí, Spain
Randy Q. Cron,
University of Alabama at Birmingham,
United States
*Correspondence:
Rafael B. Polidoro
rapoli@iu.edu
Specialty section:
This article was submitted to
Inflammation,
a section of the journal
Frontiers in Immunology
Received: 26 May 2020
Accepted: 17 June 2020
Published: 26 June 2020
Citation:
Polidoro RB, Hagan RS, de Santis
Santiago R and Schmidt NW (2020)
Overview: Systemic Inflammatory
Response Derived From Lung Injury
Caused by SARS-CoV-2 Infection
Explains Severe Outcomes in
COVID-19. Front. Immunol. 11:1626.
doi: 10.3389/fimmu.2020.01626
Overview: Systemic Inflammatory
Response Derived From Lung Injury
Caused by SARS-CoV-2 Infection
Explains Severe Outcomes in
COVID-19
Rafael B. Polidoro 1*, Robert S. Hagan 2, Roberta de Santis Santiago 3 and
Nathan W. Schmidt 1
1 Ryan White Center for Pediatric Infectious Diseases and Global Health, Department of Pediatrics, Herman B. Wells Center
for Pediatric Research, Indiana University School of Medicine, Indianapolis, IN, United States, 2Division of Pulmonary
Diseases and Critical Care Medicine, Department of Medicine, University of North Carolina, Chapel Hill, NC, United States,
3 Independent Researcher, Boston, MA, United States
Most SARS-CoV2 infections will not develop into severe COVID-19. However, in some
patients, lung infection leads to the activation of alveolar macrophages and lung epithelial
cells that will release proinflammatory cytokines. IL-6, TNF, and IL-1β increase expression
of cell adhesion molecules (CAMs) and VEGF, thereby increasing permeability of the
lung endothelium and reducing barrier protection, allowing viral dissemination and
infiltration of neutrophils and inflammatory monocytes. In the blood, these cytokines
will stimulate the bone marrow to produce and release immature granulocytes, that
return to the lung and further increase inflammation, leading to acute respiratory
distress syndrome (ARDS). This lung-systemic loop leads to cytokine storm syndrome
(CSS). Concurrently, the acute phase response increases the production of platelets,
fibrinogen and other pro-thrombotic factors. Systemic decrease in ACE2 function
impacts the Renin-Angiotensin-Kallikrein-Kinin systems (RAS-KKS) increasing clotting.
The combination of acute lung injury with RAS-KKS unbalance is herein called COVID-19
Associated Lung Injury (CALI). This conservative two-hit model of systemic inflammation
due to the lung injury allows new intervention windows and is more consistent with the
current knowledge.
Keywords: SARS-CoV2, COVID-19, severe COVID-19, bisphosphonates, inflammatory monocytes, ARDS,
renin-angiotensin system, kallikrein-kinin system
INTRODUCTION
Coronaviruses are a large family of enveloped viruses (Coronaviridae) containing a positive-sense
single-stranded RNA genome with a nucleocapsid. These viruses cause illness in both mammals
and birds. Within humans they cause respiratory tract infections that range from asymptomatic
infection to severe disease and death. Some coronaviruses have exhibited increased capacity to
infect and spread among humans, with higher lethality, causing diseases such as SARS, MERS,
and more recently, COVID-19. The causative virus of COVID-19 is the recently identified, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). Depending on a number of currently
unknown factors, SARS-CoV-2 infection causes either asymptomatic infections or clinical disease,
which ranges from mild to life-threatening disease.
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Angiotensin Converting Enzyme 2 (ACE2) serves as the
main cell surface receptor, allowing the SARS-CoV-2 virus
to invade host cells (2). Transcriptome analysis of infected
epithelial cell lines and swab specimens from patients positive
for SARS-CoV-2 (qRT-PCR) showed mild increased reads of
ACE2, suggesting that ACE2 is an interferon-stimulated gene
(3–5). On the other hand, SARS-CoV have been reported to
reduce cell surface expression of ACE2 in vitro and in vivo
(6, 7). It is currently unknown how SARS-CoV-2 modulates
ACE2 transcription in the lung. SARS-CoV, and potentially
SARS-CoV-2, might impact extracellular ACE2 from normal
function via direct blocking during attachment and invasion,
intracellular modulation of the Unfolded Protein Response, and
decreased stability of ACE2 transcripts or altered translation
resulting in reduced protein levels. ACE2 functions biologically
to convert Angiotensin II (vasoconstrictor) into Angiotensin
(vasodilator), thus lowering blood pressure. Another function of
ACE2 is to decrease levels of Bradykinin, thus affecting the renin-
angiotensin system (RAS) and kallikrein-kinin system (KKS)
(8, 9). The balance between ACE/ACE2 affects vascular diseases
and higher Bradykinin can increase systemic inflammatory
processes (10). A review by Tolouian et al. discusses the possible
involvement of the RAS-KKS axis in COVID-19 (10). As RAS
has prothrombotic effects (11), part of the coagulation syndrome
seen in COVID-19 might be due to viruses escaping into the
blood stream and affecting ACE2 expression in the entire body.
Given the direct participation of ACE2 in both RAS and KKS,
it is likely that those systems directly contribute to local and
systemic inflammation.
Unlike viral load associated with SARS, MERS, and Influenza
(12) current data suggest there is no difference in upper
respiratory viral load between moderate and severe cases of
COVID-19 in hospitalized patients, with the exception of one
study in China (13–15). Most COVID-19 patients have upper
respiratory tract viral replication with mild symptoms, including
fever and dry cough, and recover without developing further
symptoms. It is possible that if SARS-CoV-2 reaches the lower
respiratory tract, the higher amount of ACE2 in alveoli results in
progression of infection into a more severe disease. Accordingly,
a recent study associates a higher viral load in the sputum
with severity of COVID-19 (16). About 20% of COVID-19
cases have fever coupled with pneumonia that progresses to
true ARDS, whereas some patients develop cytokine storm
associated ARDS that may be accompanied by features of the
Macrophage Activation Syndrome (MAS)/lymphohistiocytosis
(HLH) spectrum (17–19). The family of conditions due to
COVID-19 associated cytokine release was recently named
Cytokine Storm Syndrome (CSS) by Henderson et al. (20).
Cytokine storm (CS) is known to contribute to the morbidity
in patients infected with other coronaviruses (21, 22). There is
also a correlation between IL-6, C-reactive protein (CRP) and
respiratory failure in COVID-19 (23, 24). Yet, there is reason
to think CS is not the only source of morbidity, and we will
present evidence supporting this hypothesis. In addition to CS,
mounting evidence suggests an acute lung injury loop including
RAS-KKS unbalance, release of immature leukocytes from the
bone marrow, lung cellular infiltrate, vascular dysfunction,
and coagulopathy can contribute to morbidity and mortality
in COVID-19.
SYSTEMIC INFLAMMATORY RESPONSE
INDUCED BY LUNG INFLAMMATION
Recently, Wadman et al. provided a detailed perspective
regarding the diverse biological systems that display some level
of pathology during COVID-19 (25). Besides the lung, pathology
has been observed in the liver, kidneys, intestines, brain, heart,
and blood vessels. Despite the complexity of this multisystem
syndrome, the peer reviewed book chapter “Systemic
Inflammatory Response Induced by Lung Inflammation”
by Hiraiwa and van Eeden can shed important light guiding us
from the lung to the vascular syndrome without contradicting
the evidence seen in COVID-19 patients (26).
ARDS caused by SARS-CoV-2 is characterized by a rapidly
induced inflammatory response in the lung. The classification of
COVID-19 lung damage as ARDS is under scrutiny because the
severe hypoxemia is accompanied be a relatively mild decrease
in lung compliance (measurement of lung elastic properties),
suggesting that other mechanisms than direct parenchymal
injury may contribute to the degree of hypoxia. Some advocate
that the COVID-19 lung disease is covered by ARDS definition
(27), while others divide the lung damage into two phenotypes,
ARDS and not-ARDS (28, 29). Classification of COVID-19 lung
damage as ARDS and not-ARDS is not trivial and a deeper
comprehension of underlying mechanisms of COVID-19 lung
damage is critical to define the proper respiratory management
of these patients. For example, while there are evidence-based
treatment strategies for rigorously defined ARDS (including low
tidal volume ventilation, prone positioning, conservative fluid
management, and neuromuscular blockade), other mechanisms
of hypoxia such as pulmonary thrombi, acute pulmonary
vascular disease, or cardiac injury would necessitate completely
different treatment strategies. Previous data has shown that
both inadequate timing and strategy of artificial ventilation are
harmful to patients (30, 31). Consistent with these observations,
a case series from New York City (New York, USA) COVID-
19 patients, a high mortality rate (88%) was observed in the
artificially ventilated patients (32).
We propose a view of COVID-19 that is consistent
with prior understandings of lung physiology, where local
infections progress into systemic pathology associated with
exaggerated cytokine production, thrombosis, and multi-organ
damage/failure that heighten risk of death (19, 26). Clinical
events following severe tissue injury also activate the systemic
response of the host in a similar manner to sepsis and the
recognition of this common pathophysiologic phenotype led to
the term “systemic inflammatory response syndrome” or SIRS
(26). To address an overview of how a similar process might
be at play with COVID-19 we will divide the progression of
SARS-CoV-2 infection into four phases: (1) Upper and lower
respiratory tract infection, (2) COVID-19 associated lung injury
(CALI; Box 1), (3) SIRS, and (4) systemic failure (Figure 1).
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BOX 1 | COVID-19 Associated Lung Injury (CALI).
SARS-CoV-2 appears to induce acute lung injury similarly to other
respiratory viruses, but with additional symptoms derived from alterations in
the inflammatory resolution phase and RAS-KKS system, possibly due to
ACE2 downregulation, and/or elimination of pneumocytes type II (33). The
elimination of pneumocytes type II might explain the slow tissue recovery in
patients with severe COVID-19.
Upper and Lower Respiratory Tract
Infection
This phase would be the result of the infection itself. Virus
infection triggers antiviral innate immunity, resulting in Flu-like
symptoms, such as fever, fatigue, body ache, and others. There are
many drugs and treatments trying to stop virus multiplication in
this and other phases of the disease, some of them are elegantly
summarized by Kupferschmidt and Cohen (34). At this point,
most infected individuals will recover, and we would expect
them to be outpatients. Theoretically, patients would benefit from
antivirals as long as virions are present, but we hypothesize the
earlier the best to prevent CALI and its progression.
COVID-19 Associated Lung Injury (CALI)
When the virus reaches the lung, most patients will mount
a proper antiviral immune response (outpatients), with higher
lymphocyte presence in the lung contributing to viral elimination
(35–37). However, in some patients there will be exacerbated
local inflammation due to the activation of nucleic acid
sensors on lung epithelium and alveolar macrophages (38).
This will trigger autocrine and paracrine cytokine release and
other proinflammatory mediators, resulting in the recruitment
of polymorphonuclear neutrophils, monocytes, and other
leukocytes, which have been reported in lungs of patients
with COVID-19 (35, 36, 39, 40). Alveolar macrophages and
inflammatory monocytes are thought to be a source of IL-
6, TGF-β, TNF, IL-8, and IL-1β (38), whereas neutrophils
rapidly produce oxygen radicals, lipid mediators, and proteases
that can be harmful to viruses, but also to lung tissue (41).
Accordingly, single-cell RNA sequencing on bronchoalveolar
lavage fluid immune cells from COVID-19 patients has shown
the enrichment of macrophages and neutrophils with a strong
pro-inflammatory signature on monocyte-derived macrophages,
and the severity was associated with much higher levels of
IL8, IL6, TNF, and IL1B (39). Neutrophil extracellular traps
(NETs) have been associated with disease severity in COVID-
19 (42, 43). A review by Merad and Martin address many
details for the role of macrophages and monocytes in the
pathology of COVID-19 (44). Following exposure to air pollution
particles, alveolar macrophages and epithelial cells increase the
production of pro-inflammatory cytokines capable of stimulating
the bone marrow, resulting in higher numbers of band cells
(i.e., immature granulocytes) in circulation (45). In response to
acute inflammation, the liver releases C-reactive protein (CRP)
and Serum Amyloid A (SAA) that will increase in the first days
whether the patient develops moderate or severe symptoms.
Those levels might decrease after 7 days, depending on the
resolution of the injury, whereas haptoglobin and fibrinogen
(later seen as D-dimer) go up, possibly resulting in blood clots
(46). Pro-thrombotic factors are increased in COVID-19 patients
since early in the disease and its increase correlates with severe
respiratory syndrome (47–49).
Of note, arrested translation due to antiviral immunity
and viral manipulation of translational repression would
strongly impact protein expression by lung cells (50). ACE2
downregulation impacts the RAS-KKS system resulting
in coagulation disturbances, and increases the chances of
thrombosis and microthrombosis (10, 11). In malaria, the
acute respiratory distress syndrome also presents competitive
binding of other surface proteins, such as Endothelial Protein C
Receptor (EPCR), that when cleaves its ligand PAR-1, inhibits
NFκB activation, reducing overall local inflammation (51).
It is currently not known if SARS-CoV-2 infection results in
downregulation of those same surface proteins, resulting in
higher inflammatory response.
Another aspect of CALI that may occur is the upregulation
of endothelial cell adhesion molecules (CAMs) VCAM, ICAM,
VWF, ANG-2, and VEGF upon tissue injury. These proteins
are upregulated by pro-inflammatory cytokines, proteases,
leukotrienes, PAF, and oxidants produced by the neutrophils
(26). These factors may culminate in the destruction of the
lung glycocalyx, which may increase the permeability of the
endothelium, allowing the viruses to pass to the blood stream and
reach other organs that express ACE2. Thismay explain detection
of viral particles and RNA in other body fluids (52). Increased
permeability of microvascular barriers also results in protein-
rich edema fluid in airspaces, resulting in poor gas exchange and
decreased blood O2 levels, which are a central pathophysiological
mechanism in ARDS leading to hospitalizations. Autopsies
performed in different centers showed similar findings in
lungs from COVID-19 victims: diffuse alveolar disease (DAD)
combined with atypical pneumocytes and diffuse thrombosis of
small vessels (53–55).
For a proposed clinical-therapeutic staging, please refer to
Siddiqi and Mehra (19). Inpatients will most likely present
moderate to severe symptoms, possibly hypoxia (defined as
PaO2/FiO2 <300mmHg), thrombocytopenia, lymphocytopenia,
bilateral pneumonia, ground glass opacity (GGO), with mild
elevation of systemic inflammation. Different methods for
SARS-CoV2 detection allow inclusion of early biomarkers to
assess the quality of the cellular infiltrate and the lung state.
Here, we note the potential benefit of the combination of
antivirals, vasodilators (e.g., NO), and bisphosphonates for
inpatients with risk group comorbidities (Box 2) upon evaluation
of potential adverse risks. The idea is to prevent the lung-
systemic inflammatory loop in a similar way as fingolimod,
a sphingosine 1 phosphate analog that can affect lymphocyte
retention in lymphoid organs with a positive outcome reported
for COVID-19 (65). The family of bisphosphonates is used
in the treatment of osteoporosis, certain bone tumors, and
bone metastasis. Bisphosphonates are capable of reducing the
number and impairing function of monocytes and specialized
macrophages (66). Treatment with a member of this family,
clodronate disodium, has shown effectiveness in animal models
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FIGURE 1 | The four phases of SARS-CoV2 infection. (1) Upper and lower respiratory tract infection (outpatients); (2) COVID-19 associated lung injury (CALI), in which
some patients will be hospitalized (inpatients); (3) Systemic inflammatory response syndrome (SIRS), in which bone marrow and liver acute phase response
accumulate pro-thrombotic factors resulting in blood clots/thrombosis; (4) The sustained loop between lung and systemic inflammation results in multi-organ vascular
dysfunction and cytokine storm syndrome.
of pulmonary coronavirus infections (67), but the impact of
clodronate disodium on the microglia can also make animals
more susceptible to neural damage in a coronavirus encephalitis
model (68). Treatment of lung tissues with bisphosphonates
during COVID-19 could prevent inflammatory monocytes from
exaggerating lung injury. To date, there are no registered clinical
trials with bisphosphonates to treat COVID-19. One approach
to assess the potential effectiveness of this treatment would be to
access COVID-19 databases to address whether osteoporosis or
cancer patients under bisphosphonate treatments present better
COVID-19 prognostic compared to non-bisphosphonate treated
patients. Another study addressing monocytes/macrophages
used Diminazene Aceturate (DIZE), which is FDA approved for
animal use. DIZE treatment can ameliorate liver fibrosis in mice
through reducing ROS generation and pro-fibrotic cytokines
by Kupffer cells (69), which are liver-resident macrophages.
Additionally, DIZE treatment has also been shown to alleviate
lung injury in mice by regulating the ACE2-Ang (1, 7)-Mas axis
(70). Reduction of alveolar macrophages with bisphosphonates,
DIZE, or other approaches might have negative effects in
the resolution of ARDS. Yet, we were not able to find
significant drawbacks on respiratory disorders on patients under
bisphosphonate treatments within the 70 Clinical Trials that
have used bisphosphonate treatment (71). Moreover, studies
addressing lung cancer present potential beneficial effects (72).
Agonists of ACE2 or inhibitors of ACE/Ang2, are being
explored as treatments for COVID-19 patients (10), as they
would function to maintain the balance of the RAS-KKS system
and reduce further inflammation (70). Of note, Khan et al.
BOX 2 | Risk groups.
The models of systemic inflammatory response induced by lung injury
strongly suggest that lung inflammation is a “two-hit” model. Meaning that
underlying inflammation, either caused in the lung, or coming from another
site (e.g., cardiovascular diseases, obesity, diabetes, and liver disease) may
feedback into the lung upon a new infection like SARS-CoV2, resulting in the
exacerbation of the local and systemic inflammation. The RAS-KKS system
is also already affected in all those risk groups conditions, including aging
(56–64).
conducted a phase II trial in 10 critical care patients with
ARDS utilizing a recombinant ACE2 agonist to reduce lung
injury. Despite the expected effect in the RAS system, decreasing
the angiotensin II level, the study was stopped early because
oxygenation and lung compliance did not differ between groups
(73). Additionally, there was an unexpected increase in surfactant
protein D (SP-D) serum levels, which when present in the
blood marks increased capillary leakage (73). Collectively, these
observations suggest that ACE2 agonist or ACE inhibitors should
be pursued with caution.
Systemic Inflammatory Response
Syndrome
As described above, the loss of epithelial protection from the
glycocalyx and the increase in permeability factors (e.g., VEGF)
in the lung endothelial typical of SARS, might lead to the release
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of the virus and other PAMPS from the lungs to the blood stream
(26). Consistently, there are reports of SARS-CoV-2 mRNA
present in stool, blood and urine in severe COVID-19 patients
(52). In contrast, a study in nine SARS-CoV-2 infected patients
from the onset of infection until after the resolution of flu-like
symptoms, showed no viral RNA was found in the blood or
urine (74).
The systemic release of TNF-α, IL-1β, and IL-6 can impact
many organ systems, consistent with the multi-organ effect
observed in COVID-19 (18, 75). As mentioned above, alveolar
macrophages and airway epithelial cells are expected to be
the major source of those cytokines during COVID-19. Those
cytokines can hyperactivate monocytes/macrophages and T
lymphocytes and result in CSS andMAS/sHLH (20). More details
of the CSS consequences can be found in a perspective article
by Moore and June (18). In one study reporting on 54 COVID-
19 patients, 28 of those patients had severe respiratory failure
and all of them displayed either MAS or low HLA-DR, with
lymphocytopenia (17). Interestingly, up to 50% of patients with
systemic juvenile idiopathic arthritis and MAS/HLH present
nervous system involvement, ranging from mild confusion to
coma (76). Moreover, evidence of neuropathology has been
reported during COVID-19, including 26 out of 40 patients
noted to have confusion according to the Confusion Assessment
Method for the ICU (77). Given the apparent contribution
of MAS to progressing severity of COVID-19, treatment with
bisphosphonates provide a potential added benefit, although
we could not find studies addressing the potential effect of
bisphosphonates on MAS.
Bone marrow stimulation by acute lung injury derived
pro-inflammatory cytokines leads to the release of immature
granulocytes in the blood circulation (45). As adhesins are
upregulated in the lung endothelium, leukocyte infiltrate will be
present. Of note, leukocytes and immature leukocytes have been
reported in other lung injury scenarios to sequester in the lung
microvasculature where they contribute to tissue pathology and
inflammation (26). Sequestration of blood leukocytes may result
in low white blood cell count, which has been reported in severe
COVID-19 patients (49, 55, 78). CD8T cells are classical antiviral
responders, thus treatments targeting activation of lymphocytes
are likely to be protective early in the infection. An updated
meta-analysis by Soraya and Ulhaq define crucial laboratory
parameters that can be used in COVID-19 diagnosis and
prognosis, indicating that higher leukocyte counts, neutrophils,
D-dimer, and CRP positively correlates with severe COVID-
19 when compared to non-severe cases (79). As CD8 and
CD4T cells from COVID-19 patients do not express high levels
of exhaustion markers when in circulation, the investigation
of adequate windows of treatments targeting those cells is
essential (80).
Another important aspect of the bone marrow stimulation
is the increase in blood coagulability, which is a major
problem for patients with comorbidities. Lung derived IL-
6 stimulates hepatocytes to produce acute phase proteins,
such as CRP, fibrinogen and antiproteases, stimulating
hematopoiesis, specifically the production of platelets (26).
Platelets, leukocytes and erythrocytes can shed microparticles
(MP) associated with lung injury, and have been reported
in collagen vascular disorders. MP are known to be
involved in inflammation, coagulation, and are increased in
atherothrombotic cardiovascular diseases (81). Reports of
periphery and organ clotting are increasing in COVID-19
clinical description. It is noteworthy that systemic increased
endothelial adherence and permeability, reduced NO, higher
number of platelets and monocytes, higher production of ROS
and lipid content, higher proteinase activity, and lower fibrosis
cap of plaques might result in increased heart attacks and strokes
in those patients (25). Recently, there was a report of large-vessel
stroke in five patients younger than 50 years of age in NY (82).
Consequently, anticoagulants and regulators of RAS-KKS might
work at preventing clots and further vascular problems. Of
note, they have been used in coagulopathy with some degree
of success for COVID-19 (48). Many reports of coagulation
complications due to COVID-19 are happening after discharge
of patients. It seems that cytokine storm presentation is not
needed for the release of pro-thrombotic factors (repair attempt)
after CALI stimulation of the hepatocytes and bone marrow,
and the opposite is also true. As D-dimers are a subproduct of
inflammation triggered during sustained acute phase response, it
is of essence to target upstream cascades of inflammation using
antivirals, bisphosphonates, and anti-inflammatory treatments
in a timely manner.
Systemic Failure
When vascular permeability and systemic inflammation are
too high, vascular dysfunction, and inflammation might lead
to multiple organ failure (MOF), including respiratory failure
(25). Compassionate treatments are trying to address many
inflammatory aspects of the disease presentation (18). For
example, the anti-IL-6 antibody, Tocilizumab (TCZ) has been
used to dampen the inflammatory response. Reduction of IL-
6 might impact thrombus resolution, as reported in mice (83).
Differently, TCZ has shown some success at reducing Cytokine
Release Syndrome (CRS) during CD19 CART-cell therapy (84).
Accordingly, different studies using TCZ presented increased
likelihood of survival in patients with severe COVID-19 (85–
88). Another group reported that the earlier the treatment of
COVID-19 with TCZ, the better the likelihood of survival (89).
Anakinra, a recombinant IL-1 receptor antagonist, reduced both
need forMV in the ICU andmortality among patients with severe
COVID-19, in different cohort studies (90–94). Controlled trials
are still required.
As suggested by our proposed model, prevention of
the second-hit, or preventing the amplification of lung-
systemic inflammation loop, seems to be the best window for
intervention specially in patients with comorbidities. Although
immunomodulatory treatments will dampen aspects of the
pro-inflammatory response, the epithelial antiviral type I IFN
response will still be in effect, providing the immune system with
a mechanism to clear the SARS-CoV-2 infection. Importantly,
immunomodulatory drugs should be helped by the use of
antivirals whenever viral particles are still detected.
Coagulopathy appears to be critical in the context of COVID-
19. One study reported procoagulant presences even in early
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stages of COVID-19 (47), consistent with RAS-KKS unbalance
influencing the production of pro-thrombotic factors (11). The
collective coagulation problems accumulated in the other phases
of COVID-19 likely result in the observed high levels of fibrin
degradation product, D-dimer, longer prothrombin time, and
activated partial thromboplastin time in critically ill patients
compared to survivors (95). As noted above, systemic acute phase
response by the liver and bone marrow produce the bulk of pro-
thrombotic factors. It is noteworthy that microthrombosis are
compatible with increased severity of hypoxemia maintaining
lung compliance. Finally, other exacerbated immune response
factors are likely contributing to the coagulopathy, such as
inflammasome activation, NETs, endothelial cell infections
and pyroptosis.
We advocate an individualized approach to mechanical
ventilation (MV) parameters based on patient’s lung
mechanics as a support therapy. The current mortality
rate of patients under MV is alarmingly high (32, 96).
Many patients in need of MV arrive at the ICU with
systemic hyperinflammation, likely resulting in quicker
deterioration. Moreover, inadequate ventilation settings
might exacerbate lung injury and further contribute to lung-
systemic inflammation. Thus, individualized care and drug
therapies to prevent this feed-forward loop between lung-
systemic inflammation leading to MOF and coagulopathy are
urgently needed.
SUMMARY OF WHAT MIGHT BE
HAPPENING AFTER CALI IN SEVERE
COVID-19
Most SARS-CoV2 infections will not develop into severe
COVID-19. Upon lung injury (first hit), the host response will
determine the severity of the disease (35–37). In some patients,
lung infection leads to the activation of alveolar macrophages
and lung epithelial cells that will release proinflammatory
cytokines. IL-6, TNF, and IL-1β increase expression of cell
adhesion molecules (CAMs) and VEGF in the lung, thereby
increasing permeability of the lung endothelium and reducing
barrier protection, allowing viral dissemination and infiltration
of neutrophils and inflammatory monocytes. In the blood, these
cytokines will stimulate the bone marrow to produce and release
immature granulocytes, that return to the more adherent lung
endothelium and further increase lung inflammation, leading
to ARDS. This second hit in the lung leads to a loop of
systemic inflammation resulting in cytokine storm syndrome.
Concurrently, the acute phase response caused by the stimulation
of hepatocytes and bone marrow increases the production
of platelets, fibrinogen and other pro-thrombotic factors. The
systemic decrease in ACE2 function due to virus infection,
impacts RAS-KKS that culminate in increased clotting and
inflammation. The disbalance of the RAS-KKS is common
in patients with comorbidities, and affects the lung, kidneys,
FIGURE 2 | Two-hit model of systemic inflammation derived from COVID-19 associated lung injury.
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liver, brain and the gastrointestinal system (97). All of which
culminates in respiratory failure, coagulopathy and potential
multiple organ failure (MOF) (Figure 2).
FURTHER CONSIDERATIONS BETWEEN
COVID-19 AND SYSTEMIC
INFLAMMATORY RESPONSE INDUCED BY
LUNG INFLAMMATION
The exacerbated inflammatory response to acute lung injury is
more frequent in males and increases with age, being very low
in young individuals (15–19 years of age), whereas mortality
can reach up to 60% in individuals above 85 years of age (98).
Consequently, we suspect age-dependent responsiveness to lung
injury may contribute to the age-disparity of severe COVID-19,
with children under the age of 20 rarely developing severe disease
(25, 49). Other possibilities that may contribute to protection
of children from COVID-19 are frequent infection with mild
viruses and bacteria, vaccinations in their first decade of life,
and the lack of chronic underlying conditions observed in the
COVID-19 high risk groups. All of these likely contribute to high
levels of IgA in the upper respiratory tract, which may confer
cross-protection against SARS-CoV-2, coupled with high local
(or systemic) IFN-γ which could potentially reduce the COVID-
19 entry and multiplication success in younger individuals. This
protection may also be associated with “trained immunity” (99),
which is consistent with the prospect of using BCG vaccine as a
preventative treatment for SARS-CoV-2.
The regulation of the RAS system for COVID-19 has
been discussed from the cardiovascular viewpoint by Guo
et al. (100). A positive correlation between Angiotensin II
and lung SARS-CoV-2 viral load was described by Liu et al.
(101). There have been many attempts to neutralize the lung
inflammatory components using “imunoresolvents” for SIRS-
ALI with promising preclinical testing, such as for COVID-
19. Unfortunately, in an analysis between 22 preclinical and
clinical sepsis trials, these drugs failed to show benefit (102). It is
noteworthy that other randomized double blinded studies using
infliximab (anti-TNF-α), had no therapeutic benefit reducing
acute exacerbation of chronic obstructive pulmonary disease
(103). Statins represent another class of drugs with potential
to reduce inflammation and increase ACE2 expression (104).
Pro-resolving lipid mediators including resolvins, protectins, and
maresins have anti-inflammatory activity in lung inflammation
and might help in a treatment cocktail for COVID-19 (26). The
reasons why we think that a cocktail of treatments targeting
multiple aspects of this systemic presentation due to lung
injury is represented by the work of Cao et al. showing that
the antivirals Lopinavir-Ritonavir failed to reduce COVID-19
lethality, although it reduced the ICU time of recovered patients
by 5 days (105).
Antivirals coupled with bisphosphonates might be able
to impede progression of COVID-19 to severe and critical.
Antivirals combined with regulation of the causes for
coagulation and vascular dysfunction, thereby preventing
the lung from amplifying systemic inflammation due to
mechanical ventilation, comorbidity, or secondary infection
might also be of essence to reduce lethality and increase
recovery rate in COVID-19. Finally, as proposed by several
groups, antivirals coupled with drugs addressing CSS
can be also beneficial to prevent COVID-19 progression
(20, 106).
AUTHOR CONTRIBUTIONS
RP: conceptualization and writing—original draft. RH, RS, and
NS: writing—review and editing. NS: supervision. All authors
contributed to the article and approved the submitted version.
FUNDING
The project described was supported by the Indiana University
Health—Indiana University School of Medicine Strategic
Research Initiative.
ACKNOWLEDGMENTS
The authors thank Dr. Gregorio Guilherme de Almeida for the
important insights and the design of the figures. The authors
would also like to thank Dr. Tuan Tran for critical review of the
manuscript. Support provided by the Herman B. Wells Center to
NS was in part from the Riley Children’s Foundation.
REFERENCES
1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus
from patients with pneumonia in China, 2019.NEngl J Med. (2020) 382:727–
33. doi: 10.1056/NEJMoa2001017
2. Walls AC, Park YJ, Tortorici MA,Wall A, McGuire AT, Veesler D. Structure,
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell.
(2020) 181:281–92.e6. doi: 10.1016/j.cell.2020.02.058
3. Butler DJ, Mozsary C, Meydan C, Danko D, Foox J, Rosiene J, et al. Shotgun
transcriptome and isothermal profiling of SARS-CoV-2 infection reveals
unique host responses, viral diversification, and drug interactions. bioRxiv
[preprint]. (2020). doi: 10.1101/2020.04.20.048066
4. Wyler E, Mösbauer K, Franke V, Diag A, Gottula LT, Arsie R, et al. Bulk
and single-cell gene expression profiling of SARS-CoV-2 infected human
cell lines identifies molecular targets for therapeutic intervention. bioRxiv
[preprint]. (2020). doi: 10.1101/2020.05.05.079194
5. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN, et
al. SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in human
airway epithelial cells and is detected in specific cell subsets across tissues.
Cell. (2020) 181:1016–35.e19. doi: 10.1016/j.cell.2020.04.035
6. Glowacka I, Bertram S, Herzog P, Pfefferle S, Steffen I, Muench MO, et al.
Differential downregulation of ACE2 by the spike proteins of severe acute
respiratory syndrome coronavirus and human coronavirus NL63. J Virol.
(2010) 84:1198–205. doi: 10.1128/JVI.01248-09
7. Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, et al. A crucial role
of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-
induced lung injury. Nat Med. (2005) 11:875–9. doi: 10.1038/
nm1267
8. Imai Y, Kuba K, Penninger JM. The discovery of angiotensin-
converting enzyme 2 and its role in acute lung injury in mice.
Exp Physiol. (2008) 93:543–8. doi: 10.1113/expphysiol.2007.
040048
Frontiers in Immunology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 1626
Polidoro et al. COVID-19: CALI Derived Systemic Inflammation
9. Jia H. Pulmonary angiotensin-converting enzyme 2 (ACE2)
and inflammatory lung disease. Shock. (2016) 46:239–48.
doi: 10.1097/SHK.0000000000000633
10. Tolouian R, Vahed SZ, Ghiyasvand S, Tolouian A, Ardalan M. COVID-19
interactions with angiotensin-converting enzyme 2 (ACE2) and the kinin
system; looking at a potential treatment. J Renal Injury Prevent. (2020) 9:e19.
doi: 10.34172/jrip.2020.19
11. Schmaier AH. The kallikrein-kinin and the renin-angiotensin systems have
a multilayered interaction. Am J Physiol Regul Integr Comp Physiol. (2003)
285:R1–13. doi: 10.1152/ajpregu.00535.2002
12. Memoli MJ, Czajkowski L, Reed S, Athota R, Bristol T, Proudfoot K,
et al. Validation of the wild-type influenza A human challenge model
H1N1pdMIST: an A(H1N1)pdm09 dose-finding investigational new drug
study. Clin Infect Dis. (2015) 60:693–702. doi: 10.1093/cid/ciu924
13. Cereda D, Tirani M, Rovida F, Demicheli V, Ajelli M, Poletti P, et al. The early
phase of the COVID-19 outbreak in Lombardy, Italy. arXiv. (2020). Available
online at: https://arxiv.org/abs/2003.09320 (accessed June 22, 2020).
14. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in
viral shedding and transmissibility of COVID-19.Nat Med. (2020) 26:672–5.
doi: 10.1038/s41591-020-0869-5
15. Liu Y, Yan LM, Wan L, Xiang TX, Le A, Liu JM, et al. Viral dynamics in
mild and severe cases of COVID-19. Lancet Infect Dis. (2020) 20:656–7.
doi: 10.1016/S1473-3099(20)30232-2
16. Yu X, Sun S, Shi Y, Wang H, Zhao R, Sheng J. SARS-CoV-2 viral load in
sputum correlates with risk of COVID-19 progression. Crit Care. (2020)
24:170. doi: 10.1186/s13054-020-02893-8
17. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K,
Antoniadou A, Antonakos N, et al. Complex immune dysregulation in
COVID-19 patients with severe respiratory failure. Cell Host Microbe. (2020)
27:992–1000.e3. doi: 10.1016/j.chom.2020.04.009
18. Moore BJB, June CH. Cytokine release syndrome in severe COVID-19.
Science. (2020) 55:105954. doi: 10.1126/science.abb8925
19. Siddiqi HK, Mehra MR. COVID-19 illness in native and immunosuppressed
states: a clinical-therapeutic staging proposal. J Heart Lung Transpl. (2020)
39:405–7. doi: 10.1016/j.healun.2020.03.012
20. Henderson LA, Canna SW, Schulert GS, Volpi S, Lee PY, Kernan KF, et al.
On the alert for cytokine storm: immunopathology in COVID-19. Arthritis
Rheumatol. (2020). doi: 10.1002/art.41285. [Epub ahead of print].
21. Channappanavar R, Perlman S. Pathogenic human coronavirus infections:
causes and consequences of cytokine storm and immunopathology. Semin
Immunopathol. (2017) 39:529–39. doi: 10.1007/s00281-017-0629-x
22. Fehr AR, Channappanavar R, Perlman S. Middle east respiratory syndrome:
emergence of a pathogenic human Coronavirus. Annu Rev Med. (2017)
68:387–99. doi: 10.1146/annurev-med-051215-031152
23. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and
immunological features of severe and moderate coronavirus disease 2019.
J Clin Invest. (2020) 130:2620–9. doi: 10.1172/JCI137244
24. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors of
mortality due to COVID-19 based on an analysis of data of 150
patients from Wuhan, China. Intensive Care Med. (2020) 46:846–8.
doi: 10.1007/s00134-020-05991-x
25. Wadman M, Couzin-Frankel J, Kaiser J, Matacic C. A rampage through the
body. Science. (2020) 368:356–60. doi: 10.1126/science.368.6489.356
26. Hiraiwa K, van Eeden SF. Nature and consequences of the systemic
inflammatory response induced by lung inflammation. IntechOpen. (2014).
doi: 10.5772/57392
27. Tobin MJ. Basing respiratory management of coronavirus on
physiological principles. Am J Respir Crit Care Med. (2020) 201:1319–20.
doi: 10.1164/rccm.202004-1076ED
28. Gattinoni L, Chiumello D, Rossi S. COVID-19 pneumonia: ARDS or not?
Crit Care. (2020) 24:154. doi: 10.1186/s13054-020-02880-z
29. Gattinoni L, Coppola S, Cressoni M, Busana M, Rossi S, Chiumello
D. Covid-19 does not lead to a “typical” acute respiratory distress
syndrome. Am J Respir Crit Care Med. (2020) 201:1299–300.
doi: 10.1164/rccm.202003-0817LE
30. Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize
progression of lung injury in acute respiratory failure. Am J Respir Crit Care
Med. (2017) 195:438–42. doi: 10.1164/rccm.201605-1081CP
31. Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med.
(2013) 369:2126–36. doi: 10.1056/NEJMra1208707
32. Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T, Davidson
KW, et al. Presenting characteristics, comorbidities, and outcomes among
5700 patients hospitalized with COVID-19 in the NewYork City area. JAMA.
(2020) 323:2052–59. doi: 10.1001/jama.2020.6775
33. Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M,
et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial
cells together with innate immune genes. Nat Med. (2020) 26:681–7.
doi: 10.1038/s41591-020-0868-6
34. Kupferschmidt K, Cohen J. Race to find COVID-19 treatments accelerates.
Science. (2020) 367:1412–3. doi: 10.1126/science.367.6485.1412
35. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Moller
R, et al. Imbalanced host response to SARS-CoV-2 drives development of
COVID-19. Cell. (2020) 181:1036–45.e9. doi: 10.1016/j.cell.2020.04.026
36. Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott
F, et al. Cross-talk between the airway epithelium and activated
immune cells defines severity in COVID-19. medRxiv [preprint]. (2020).
doi: 10.1101/2020.04.29.20084327
37. Xiong Y, Liu Y, Cao L, Wang D, Guo M, Jiang A, et al. Transcriptomic
characteristics of bronchoalveolar lavage fluid and peripheral blood
mononuclear cells in COVID-19 patients. Emerg Microbes Infect. (2020)
9:761–70. doi: 10.1080/22221751.2020.1747363
38. Opitz B, van Laak V, Eitel J, Suttorp N. Innate immune recognition in
infectious and noninfectious diseases of the lung. Am J Respir Crit Care Med.
(2010) 181:1294–309. doi: 10.1164/rccm.200909-1427SO
39. Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, et al. Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat Med. (2020)
26:842–4. doi: 10.1038/s41591-020-0901-9
40. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of
immune response in patients with COVID-19 in Wuhan, China. Clin Infect
Dis. (2020). doi: 10.2139/ssrn.3541136. [Epub ahead of print].
41. Windsor AC, Walsh CJ, Mullen PG, Cook DJ, Fisher BJ, Blocher CR, et al.
Tumor necrosis factor-alpha blockade prevents neutrophil CD18 receptor
upregulation and attenuates acute lung injury in porcine sepsis without
inhibition of neutrophil oxygen radical generation. J Clin Invest. (1993)
91:1459–68. doi: 10.1172/JCI116351
42. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, Borczuk A, Cools-Lartigue
J, Crawford JM, et al. Targeting potential drivers of COVID-19:
neutrophil extracellular traps. J Exp Med. (2020) 217:e20200652.
doi: 10.1084/jem.20200652
43. Zuo Y, Yalavarthi S, Shi H, Gockman K, Zuo M, Madison JA, et al.
Neutrophil extracellular traps in COVID-19. JCI Insight. (2020) 5:e138999.
doi: 10.1172/jci.insight.138999
44. Merad M, Martin JC. Pathological inflammation in patients with COVID-
19: a key role for monocytes and macrophages. Nat Rev Immunol. (2020)
20:355–62. doi: 10.1038/s41577-020-0331-4
45. Fujii T, Hayashi S, Hogg JC, Mukae H, Suwa T, Goto Y, et al. Interaction
of alveolar macrophages and airway epithelial cells following exposure to
particulate matter produces mediators that stimulate the bone marrow. Am J
Respir Cell Mol Biol. (2002) 27:34–41. doi: 10.1165/ajrcmb.27.1.4787
46. Gabay C, Kushner I. Acute-phase proteins and other systemic
responses to inflammation. N Engl J Med. (1999) 340:448–54.
doi: 10.1056/NEJM199902113400607
47. Ranucci M, Ballotta A, Di Dedda U, Bayshnikova E, Dei Poli M, Resta M,
et al. The procoagulant pattern of patients with COVID-19 acute respiratory
distress syndrome. J Thromb Haemost. (2020). doi: 10.1111/jth.14854. [Epub
ahead of print].
48. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment
is associated with decreased mortality in severe coronavirus disease
2019 patients with coagulopathy. J Thromb Haemost. (2020) 18:1094–9.
doi: 10.1111/jth.14817
49. Zhang JJ, Dong X, Cao YY, Yuan YD, Yang YB, Yan YQ, et al. Clinical
characteristics of 140 patients infected with SARS-CoV-2 in Wuhan, China.
Allergy. (2020). doi: 10.1111/all.14238. [Epub ahead of print].
50. Fung TS, Liao Y, Liu DX. Regulation of stress responses and translational
control by coronavirus. Viruses. (2016) 8:184. doi: 10.3390/v807
0184
Frontiers in Immunology | www.frontiersin.org 8 June 2020 | Volume 11 | Article 1626
Polidoro et al. COVID-19: CALI Derived Systemic Inflammation
51. Dos Santos Ortolan L, Sercundes MK, Moura GC, de Castro Quirino T,
Debone D, de Sousa Costa D, et al. Endothelial protein c receptor could
contribute to experimental malaria-associated acute respiratory distress
syndrome. J Immunol Res. (2019) 2019:3105817. doi: 10.1155/2019/3105817
52. Lescure FX, Bouadma L, Nguyen D, Parisey M, Wicky PH, Behillil
S, et al. Clinical and virological data of the first cases of COVID-
19 in Europe: a case series. Lancet Infect Dis. (2020) 20:697–706.
doi: 10.1016/S1473-3099(20)30200-0
53. Carsana L, Sonzogni A, Nasr A, Rossi RS, Pellegrinelli A, Zerbi P, et al.
Pulmonary post-mortem findings in a series of COVID-19 cases from
northern Italy: a two-centre descriptive study. Lancet Infect Dis. (2020).
doi: 10.1016/S1473-3099(20)30434-5. [Epub ahead of print].
54. Dolhnikoff M, Duarte-Neto AN, de Almeida Monteiro RA, Ferraz da Silva
LF, Pierre de Oliveira E, Nascimento Saldiva PH, et al. Pathological evidence
of pulmonary thrombotic phenomena in severe COVID-19. J Thromb
Haemost. (2020) 18:1517–9. doi: 10.1111/jth.14844
55. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings
of COVID-19 associated with acute respiratory distress syndrome. Lancet
Respir Med. (2020) 8:420–2. doi: 10.1016/S2213-2600(20)30076-X
56. Abe KC, Mori MA, Pesquero JB. Leptin deficiency leads to the regulation
of kinin receptors expression in mice. Regul Pept. (2007) 138:56–8.
doi: 10.1016/j.regpep.2006.11.018
57. Barros CC, Haro A, Russo FJ, Schadock I, Almeida SS, Ribeiro RA,
et al. Altered glucose homeostasis and hepatic function in obese mice
deficient for both kinin receptor genes. PLoS ONE. (2012) 7:e40573.
doi: 10.1371/journal.pone.0040573
58. Kalupahana NS, Moustaid-Moussa N. The renin-angiotensin system: a link
between obesity, inflammation and insulin resistance. Obes Rev. (2012)
13:136–49. doi: 10.1111/j.1467-789X.2011.00942.x
59. Liu W, Stanton RC, Zhang Z. The kallikrein-kinin system in diabetic
kidney disease. Curr Opin Nephrol Hypertens. (2017) 26:351–7.
doi: 10.1097/MNH.0000000000000344
60. Popko K, Gorska E, Stelmaszczyk-Emmel A, Plywaczewski R, Stoklosa A,
Gorecka D, et al. Proinflammatory cytokines Il-6 and TNF-alpha and the
development of inflammation in obese subjects. Eur J Med Res. (2010)
15(Suppl. 2):120–2. doi: 10.1186/2047-783X-15-S2-120
61. Rhaleb NE, Yang XP, Carretero OA. The kallikrein-kinin system as a
regulator of cardiovascular and renal function. Compr Physiol. (2011) 1:971–
93. doi: 10.1002/cphy.c100053
62. Ribeiro-Oliveira A Jr, Nogueira AI, Pereira RM, Boas WW, Dos Santos RA,
Simoes e Silva AC. The renin-angiotensin system and diabetes: an update.
Vasc Health Risk Manag. (2008) 4:787–803. doi: 10.2147/VHRM.S1905
63. Slack C. Ras signaling in aging andmetabolic regulation.Nutr Healthy Aging.
(2017) 4:195–205. doi: 10.3233/NHA-160021
64. Viel TA, Buck HS. Kallikrein-kinin system mediated inflammation
in Alzheimers disease in vivo. Curr Alzheimer Res. (2011) 8:59–66.
doi: 10.2174/156720511794604570
65. Foerch C, Friedauer L, Bauer B, Wolf T, Adam EH. Severe COVID-19
infection in a patient with multiple sclerosis treated with fingolimod. Mult
Scler Relat Disord. (2020) 42:102180. doi: 10.1016/j.msard.2020.102180
66. Patntirapong S, Poolgesorn M. Alteration of macrophage viability,
differentiation, and function by bisphosphonates. Oral Dis. (2018) 24:1294–
302. doi: 10.1111/odi.12908
67. Hartwig SM, Holman KM, Varga SM. Depletion of alveolar macrophages
ameliorates virus-induced disease following a pulmonary coronavirus
infection. PLoS ONE. (2014) 9:e90720. doi: 10.1371/journal.pone.00
90720
68. Wheeler DL, Sariol A, Meyerholz DK, Perlman S. Microglia are required
for protection against lethal coronavirus encephalitis in mice. J Clin Invest.
(2018) 128:931–43. doi: 10.1172/JCI97229
69. Rajapaksha IG, Mak KY, Huang P, Burrell LM, Angus PW, Herath CB. The
small molecule drug diminazene aceturate inhibits liver injury and biliary
fibrosis in mice. Sci Rep. (2018) 8:10175. doi: 10.1038/s41598-018-28490-y
70. Li SM, Wang XY, Liu F, Yang XH. ACE2 agonist DIZE alleviates lung
injury induced by limb ischemia-reperfusion in mice. Sheng Li Xue Bao.
(2018) 70:175–83. doi: 10.13294/j.aps.2018.0029
71. Clinicaltrials.gov (2020). Available online at: https://clinicaltrials.gov/ct2/
results?term=bisphosphonates&rslt=With (accessed May 6, 2020).
72. LeVasseur N, Clemons M, Hutton B, Shorr R, Jacobs C. Bone-targeted
therapy use in patients with bone metastases from lung cancer: a systematic
review of randomized controlled trials. Cancer Treat Rev. (2016) 50:183–93.
doi: 10.1016/j.ctrv.2016.09.013
73. Khan A, Benthin C, Zeno B, Albertson TE, Boyd J, Christie JD, et
al. A pilot clinical trial of recombinant human angiotensin-converting
enzyme 2 in acute respiratory distress syndrome. Crit Care. (2017) 21:234.
doi: 10.1186/s13054-017-1823-x
74. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, et
al. Virological assessment of hospitalized patients with COVID-2019.Nature.
(2020) 581:465–9. doi: 10.1038/s41586-020-2196-x
75. Zhang C, Wu Z, Li JW, Zhao H, Wang GQ. The cytokine release
syndrome (CRS) of severe COVID-19 and Interleukin-6 receptor (IL-
6R) antagonist tocilizumab may be the key to reduce the mortality. Int
J Antimicrob Agents. (2020) 55:105954. doi: 10.1016/j.ijantimicag.2020.1
05954
76. Minoia F, Davi S, Horne A, Demirkaya E, Bovis F, Li C, et al. Clinical features,
treatment, and outcome of macrophage activation syndrome complicating
systemic juvenile idiopathic arthritis: a multinational, multicenter study of
362 patients. Arthritis Rheumatol. (2014) 66:3160–9. doi: 10.1002/art.38802
77. Helms J, Kremer S, Merdji H, Clere-Jehl R, Schenck M, Kummerlen C, et al.
Neurologic Features in Severe SARS-CoV-2 Infection. N Engl J Med. (2020)
382:2268–70. doi: 10.1056/NEJMc2008597
78. Mitra A, Dwyre DM, Schivo M, Thompson GR, Cohen SH, Ku N, et al.
Leukoerythroblastic reaction in a patient with COVID-19 infection. Am J
Hematol. (2020) 35:e79. doi: 10.1002/ajh.25793
79. Soraya GV, Ulhaq ZS. Crucial laboratory parameters in COVID-19
diagnosis and prognosis: an updated meta-analysis. Med Clin. (2020).
doi: 10.1016/j.medcli.2020.05.017. [Epub ahead of print].
80. Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martinez-Colon GJ, McKechnie JL,
et al. A single-cell atlas of the peripheral immune response in patients with
severe COVID-19. Nat Med. (2020). doi: 10.1038/s41591-020-0944-y. [Epub
ahead of print].
81. Morel O, Jesel L, Freyssinet JM, Toti F. Cellular mechanisms
underlying the formation of circulating microparticles. Arterioscler
Thromb Vasc Biol. (2011) 31:15–26. doi: 10.1161/ATVBAHA.109.2
00956
82. Oxley TJ, Mocco J, Majidi S, Kellner CP, Shoirah H, Singh IP, et al. Large-
vessel stroke as a presenting feature of covid-19 in the Young. N Engl J Med.
(2020) 382:e60. doi: 10.1056/NEJMc2009787
83. Nosaka M, Ishida Y, Kimura A, Kuninaka Y, Taruya A, Ozaki M, et al.
Crucial Involvement of IL-6 in thrombus resolution in mice via macrophage
recruitment and the induction of proteolytic enzymes. Front Immunol.
(2019) 10:3150. doi: 10.3389/fimmu.2019.03150
84. Murthy H, Iqbal M, Chavez JC, Kharfan-Dabaja MA. Cytokine release
syndrome: current perspectives. Immunotargets Ther. (2019) 8:43–52.
doi: 10.2147/ITT.S202015
85. Capra R, De Rossi N, Mattioli F, Romanelli G, Scarpazza C, Sormani
MP, et al. Impact of low dose tocilizumab on mortality rate in patients
with COVID-19 related pneumonia. Eur J Intern Med. (2020) 76:31–5.
doi: 10.1016/j.ejim.2020.05.009
86. Sciascia S, Apra F, Baffa A, Baldovino S, Boaro D, Boero R, et al.
Pilot prospective open, single-arm multicentre study on off-label use
of tocilizumab in patients with severe COVID-19. Clin Exp Rheumatol.
(2020) 38:529–32. Available online at: https://www.clinexprheumatol.org/
article.asp?a=15723
87. Toniati P, Piva S, Cattalini M, Garrafa E, Regola F, Castelli F, et al.
Tocilizumab for the treatment of severe COVID-19 pneumonia with
hyperinflammatory syndrome and acute respiratory failure: a single center
study of 100 patients in Brescia, Italy. Autoimmun Rev. (2020) 19:102568.
doi: 10.1016/j.autrev.2020.102568
88. Xu X, Han M, Li T, Sun W, Wang D, Fu B, et al. Effective treatment of
severe COVID-19 patients with tocilizumab. Proc Natl Acad Sci USA. (2020)
117:10970–5. doi: 10.1073/pnas.2005615117
89. Campins L, Boixeda R, Perez-Cordon L, Aranega R, Lopera C, Force L.
Early tocilizumab treatment could improve survival among COVID-19
patients. Clin Exp Rheumatol. (2020) 38:578. Available online at: https://
www.clinexprheumatol.org/article.asp?a=15835
Frontiers in Immunology | www.frontiersin.org 9 June 2020 | Volume 11 | Article 1626
Polidoro et al. COVID-19: CALI Derived Systemic Inflammation
90. Aouba A, Baldolli A, Geffray L, Verdon R, Bergot E, Martin-Silva N,
et al. Targeting the inflammatory cascade with anakinra in moderate
to severe COVID-19 pneumonia: case series. Ann Rheum Dis. (2020).
doi: 10.1136/annrheumdis-2020-217706. [Epub ahead of print].
91. Cavalli G, De Luca G, Campochiaro C, Della-Torre E, Ripa M, Canetti
D, et al. Interleukin-1 blockade with high-dose anakinra in patients with
COVID-19, acute respiratory distress syndrome, and hyperinflammation:
a retrospective cohort study. Lancet Rheumatol. (2020) 2:e325–31.
doi: 10.1016/S2665-9913(20)30127-2
92. Dimopoulos G, de Mast Q, Markou N, Theodorakopoulou M, Komnos
A, Mouktaroudi M, et al. Favorable anakinra responses in severe covid-
19 patients with secondary hemophagocytic lymphohistiocytosis. Cell Host
Microbe. (2020). doi: 10.1016/j.chom.2020.05.007. [Epub ahead of print].
93. Huet T, Beaussier H, Voisin O, Jouveshomme S, Dauriat G, Lazareth I, et al.
Anakinra for severe forms of COVID-19: a cohort study. Lancet Rheumatol.
(2020). doi: 10.1016/S2665-9913(20)30164-8. [Epub ahead of print].
94. Pontali E, Volpi S, Antonucci G, Castellaneta M, Buzzi D, Tricerri F, et al.
Safety and efficacy of early high-dose IV anakinra in severe COVID-19
lung disease. J Allergy Clin Immunol. (2020). doi: 10.1016/j.jaci.2020.05.002.
[Epub ahead of print].
95. Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters
are associated with poor prognosis in patients with novel coronavirus
pneumonia. J Thromb Haemost. (2020) 18:844–7. doi: 10.1111/jth.14768
96. Namendys-Silva SA. Respiratory support for patients with
COVID-19 infection. Lancet Respir Med. (2020) 8:e18.
doi: 10.1016/S2213-2600(20)30110-7
97. Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N,
Bader M, et al. The ACE2/angiotensin-(1-7)/MAS axis of the renin-
angiotensin system: focus on angiotensin-(1-7). Physiol Rev. (2018) 98:505–
53. doi: 10.1152/physrev.00023.2016
98. Miller EJ, Linge HM. Age-related changes in immunological and
physiological responses following pulmonary challenge. Int J Mol Sci. (2017)
18:1294. doi: 10.3390/ijms18061294
99. Covian C, Fernandez-Fierro A, Retamal-Diaz A, Diaz FE, Vasquez AE,
Lay MK, et al. BCG-induced cross-protection and development of trained
immunity: implication for vaccine design. Front Immunol. (2019) 10:2806.
doi: 10.3389/fimmu.2019.02806
100. Guo J, Huang Z, Lin L, Lv J. Coronavirus disease 2019 (COVID-19)
and cardiovascular disease: a viewpoint on the potential influence of
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers on
onset and severity of severe acute respiratory syndrome coronavirus 2
infection. J Am Heart Assoc. (2020) 9:e016219. doi: 10.1161/JAHA.120.
016219
101. Liu Y, Yang Y, Zhang C, Huang F, Wang F, Yuan J, et al. Clinical
and biochemical indexes from 2019-nCoV infected patients linked to
viral loads and lung injury. Sci China Life Sci. (2020) 63:364–74.
doi: 10.1007/s11427-020-1643-8
102. Eichacker PQ, Parent C, Kalil A, Esposito C, Cui X, Banks SM, et al. Risk
and the efficacy of antiinflammatory agents: retrospective and confirmatory
studies of sepsis. Am J Respir Crit Care Med. (2002) 166:1197–205.
doi: 10.1164/rccm.200204-302OC
103. Rennard SI, Fogarty C, Kelsen S, Long W, Ramsdell J, Allison J, et
al. The safety and efficacy of infliximab in moderate to severe chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. (2007) 175:926–
34. doi: 10.1164/rccm.200607-995OC
104. Fedson DS, Opal SM, Rordam OM. Hiding in plain sight: an approach to
treating patients with severe COVID-19 infection. mBio. (2020) 11:e00398-
20. doi: 10.1128/mBio.00398-20
105. Cao B, Wang Y, Wen D, Liu W, Wang J, Fan G, et al. A trial of lopinavir-
ritonavir in adults hospitalized with severe covid-19. N Engl J Med. (2020).
doi: 10.1056/NEJMoa2001282
106. Hung IF-N, Lung K-C, Tso EY-K, Liu R, Chung TW-H, Chu M-Y,
et al. Triple combination of interferon beta-1b, lopinavir–ritonavir, and
ribavirin in the treatment of patients admitted to hospital with COVID-
19: an open-label, randomised, phase 2 trial. Lancet. (2020) 395:1695–704.
doi: 10.1016/S0140-6736(20)31042-4
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Polidoro, Hagan, de Santis Santiago and Schmidt. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Immunology | www.frontiersin.org 10 June 2020 | Volume 11 | Article 1626
